IOMECHANICAL testing of spinal implants can be best performed using human spinal specimens. 24, 25 These are difficult to obtain, however, and if available, they are often of such poor bone quality that they are not representative of a large segment of the patient population. 24 Because of inherent changes of biomechanical properties under load, a human spinal segment can be used only for a limited number of experiments and limited time. Additionally, spine testers are expensive and biomechanical spine testing time consuming. Thus, other means of testing implants are necessary and worth developing.
IOMECHANICAL testing of spinal implants can be best performed using human spinal specimens. 24, 25 These are difficult to obtain, however, and if available, they are often of such poor bone quality that they are not representative of a large segment of the patient population. 24 Because of inherent changes of biomechanical properties under load, a human spinal segment can be used only for a limited number of experiments and limited time. Additionally, spine testers are expensive and biomechanical spine testing time consuming. Thus, other means of testing implants are necessary and worth developing.
An FE model is a mathematical model driven by a computer and is already a standard engineering technique. Such a model mainly differs from in vitro or in vivo models by its mathematical character. It allows the modeling of a complex structure by splitting it into numerous, smaller, structurally homogeneous elements that are easy to characterize-so-called "finite elements." These are connected by nodes. The physical properties and shape of the elements must be specified accurately for reliable modeling of the behavior of the complete system. In a larger sense, the FE technique integrates the physical properties of the parts and their shapes into mechanical properties of the whole conInitial stability of cervical spine fixation: predictive value of a finite element model 
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ߜ The purpose of this study was to generate a validated finite element (FE) model of the human cervical spine to be used to analyze new implants. Digitized data obtained from computerized tomography scanning of a human cervical spine were used to generate a three-dimensional, anisotropic, linear C5-6 FE model by using a software package (ANSYS 5.4) . Based on the intact model (FE/Intact), a second was generated by simulating an anterior cervical fusion and plate (ACFP) C5-6 model in which monocortical screws (FE/ACFP) were used. Loading of each FE model was simulated using pure moments of Ϯ 2.5 Nm in flexion/extension, axial left/right rotation, and left/right lateral bending. For validation of the models, their predicted C5-6 range of motion (ROM) was compared with the results of an earlier, corresponding in vitro study of six human spines, which were tested in the intact state and surgically altered at C5-6 with the same implants. The validated model was used to analyze the stabilizing effect of a new disc spacer, Cenius (Aesculap AG, Tuttlingen, Germany), as a stand-alone implant (FE/Cenius) and in combination with an anterior plate (FE/CeniusϩACFP). In addition, compression loads at the upper surface of the spacer were investigated using both models.
As calculated by FE/Intact and FE/ACFP models, the ROM was within 1 standard deviation of the mean value of the corresponding in vitro measurements for each loading case. The FE/Cenius model predicted C5-6 ROM values of 5.5˚ in flexion/extension, 3.1˚ in axial rotation (left and right), and 2.9˚ in lateral bending (left and right). Addition of an anterior plate resulted in a further decrease of ROM in each loading case. The FE/Cenius model predicted an increase of compression load in flexion and a decrease in extension, whereas in the FE/CeniusϩACFP model an increase of graft compression in extension and unloading of the graft in flexion were predicted.
The current FE model predicted ROM values comparable with those obtained in vitro in the intact state as well as after simulation of an ACFP model. It predicted a stabilizing potential for a new cage, alone and in combination with an anterior plate system, and predicted the influence of both loading modality and additional instrumentation on the behavior of the interbody graft.
struct. Such an approach is helpful when an attempt is made to characterize the complex constructive geometry and the multiple supportive structures of the spine in a biomechanical model-that is, a spinal motion segment. 3-11, 13,15,16,18,20 Finite element models of lumbar spinal segments have been used to predict the following: the initial stiffness following surgical stabilization with interbody bone graft and posterior screw/plate osteosynthesis; 6-8 the influence of posterior screw/plate osteosynthesis on load sharing; 13 the load sharing between cancellous bone and the cortical shell within a lumbar VB in compression; 18 and the motion of BAK threaded cages within the segment following posterior lumbar interbody fusion. 15 Voo, et al., 20 developed an FE model of the cervical spine with which to investigate the biomechanical changes of the spine following facetectomy. Recently, an anatomically precise FE model of the human cervical spine was generated by Goel, et al., 4 and used to predict load sharing, ROM, and ligament strains.
As the standards for spinal implants increase, the biomechanical testing of new implants consumes more and more time and manpower. After a first analysis of such an implant is performed using an FE approach, the predictions might be used to optimize design, material properties, and surgery-related protocol before biomechanical testing is conducted, thus minimizing the number of experimental settings and finally the product development expenses. Finally, an FE model allows us to analyze the influence of parameters that otherwise require considerable effort.
An FE model has to be validated before it can be used to make predictions. 4, 5, 10, 20 This may be accomplished by comparing the predictions of the FE model to the results of a corresponding in vitro study in which human spine segments were tested. For example, the predictions of the C5-6 FE model developed by Goel and Clausen 4 were within 1 SD of the results obtained in a comparable in vitro study, and the model was considered to be adequate for prediction of segmental ROM, load sharing, and ligament strain.
An FE model of the cervical spine that has been validated in the intact and surgically altered states has, to the authors' knowledge, not been previously described.
The purpose of the present study was to generate and validate an FE model of human cervical spine that could be used for first analysis of the initial stabilizing effect of spinal implants.
Materials and Methods

Intact Finite Element Model
Digitized data obtained from CT scanning of the cervical spine in a 21-year-old woman without spine-related complaints were used to generate a three-dimensional, anisotropic, linear C5-6 FE model by using a software package (ANSYS 5.4; Swanson Analysis System, Houston, TX) on a 300-MHz Pentium II computer. Because of the symmetry of a VB along the midsagittal plane, only one half of the model was generated. Finally, the two identical halves were put together. Based on CTderived data, the model contains all important osseous structures of the functional spinal segment C5-6. The disc was generated according to the model presented by Voo, et al. 20 The material properties have been sampled from literature 4, 16, 20 and are listed in Tables 1 and 2 . The thickness of the endplates was set to 0.25 mm. The FE model of the intact C5-6 segment is called FE/Intact.
Surgical Alterations of the Intact Model
Based on the FE/Intact model, we generated an additional model that simulated C5-6 ACFP with monocortical screws (FE/ACFP). The anterior aspect of the FE/ ACFP representation is shown in Fig. 1 . For the latter, the elements of the disc in contact with the ALL and PLL, as well as the ligaments themselves and the nucleus pulposus, have been removed and the lateral parts of the disc left in place. An interbody bone graft was placed in distraction (1 mm), and an additional segmental stabilization performed using Caspar plate and monocortical screws (Aesculap AG & CoKG, Tuttlingen, Germany).
Nodes and Elements
The FE/Intact model consists of 20,296 elements and 6855 nodes. The FE model of the plate consists of 543 elements and 1011 nodes, and that of a screw consists of 34 elements and 36 nodes.
Implant-Bone Interfaces
The bone graft placed within the disc space between the endplates of the C5-6 segment was only allowed to transmit compression, not tension. The plate was placed in the unfixed state, allowing movement in every direction; however, after the screws were placed within the C-5 and C-6 VBs, the plate-screw interface was described as coupling of translational (but not rotational) degrees of freedom. Moreover, the screw-bone interface was modeled as a tight interface, in which a coupling of translational (but not rotational) degrees of freedom was performed. The screws did not perforate the posterior cortical shell.
Boundary Conditions of the Models
Loading of each FE model was simulated using pure moments of Ϯ 2.5 Nm according to the recommendations of Wilke, et al. 24 Moments were applied using a rigid beam at the upper surface of C-5 with the C5-6 disc being placed horizontally. To prevent the C-6 VB from moving in any direction, the most inferior nodes of the lower endplate, the facets, and the spinous process were fixed. All the models were used to predict the ROM within the C5-6 
Validation of the Models
For validation of the models, their predicted C5-6 ROM values were compared with ROM values determined in an earlier in vitro study, in which six human spines were tested. 17 In that study, C5-6 ROM was measured in the intact and surgically altered states (interbody bone fusion, anterior implantation of a Caspar plate, and placement of monocortical screws). Results obtained in testing both FE/Intact and FE/ACFP models were compared with those demonstrated in the in vitro study. This was conducted to optimize the process of validation with special reference to future surgical applications.
Application of the Models
As a first application of the FEM model, simulation of a new disc spacer (Cenius; Aesculap AG & CoKG, Fig. 2 left) was performed such that it was inserted within the C5-6 disc space with the lateral parts of the annulus left intact and the other disc components and the ALL and PLL resected. The Cenius disc spacer was designed as a cylindrical titanium implant in which a central perforation is filled with cancellous bone or osseous substitute. There are sharp edges, surrounding the perforation on the upper and lower surface, by which the implant is anchored within the adjacent VBs. The interface was modeled in such a way that the cutting edges on the implant's upper and lower surfaces penetrated the endplates of the adjacent VBs and the plane surface was in gapless contact to the VBs. The cutting edges of the implant were allowed to resist shearing forces and the surface was allowed to transmit compressive force. This model is called FE/Cenius. Its lateral aspect is shown in Fig. 2 right. Finally, an anterior cervical plate fixed with monocortical screws was added to the FE/Cenius model; this model is called FE/CeniusϩACFP (Fig. 3) .
The FE/Cenius and FE/CeniusϩACFP models were used to predict the segmental ROM at C5-6 in flexion/ extension, left/right axial rotation, and left/right lateral bending, as well as the compression load at the upper surface of the spacer in similar conditions. The compressionrelated test results are given as relative values, all with respect to the calculated compression load at the upper surface of the spacer in the nonexercised state.
Results
Validation of the Models
The FE/Intact-calculated ROM values are as follows: flexion/extension, 7.3˚; left/right axial rotation, 8.2˚; and left/right lateral bending, 5.2˚. The FE/ACFP-predicted ROM values were: flexion/extension, 2.2˚; left/right axial rotation, 3˚; and left/right lateral bending, 2.4˚. The values were always within 1 SD of the corresponding part determined in the in vitro study. 17 The results of this in vitro study and the predictions of FE/Intact and FE/ACFP are shown as a bar graph in Fig. 4 upper.
Predictions of ROM After Cage Implantation
The FE/Cenius model predicted C5-6 ROM values of 5.5˚ in flexion/extension, 3.1˚ in axial rotation (left/right), and 2.9˚ in lateral bending (left/right).
The FE/CeniusϩACFP model predicted an ROM of 2.04˚ in flexion/extension, 2.2˚ in left/right lateral bending, and 2.2˚ in left/right axial rotation. The results are illustrated in the graph in Fig. 4 center.
Predictions of Compression Load at Upper Surface of the Spacer
The FE/Cenius-calculated compression load at the upper surface of the spacer was 398 N. This value was set to represent a 100% compression load for this model. Loading in flexion increased compression load to 127%. Both lateral bending and rotation increased load up to 108%. In extension, the compression load was reduced to 88%.
In the FE/CeniusϩACFP model a compression load of 410 N (100% for this model) was predicted in the nonexercised state. Flexion reduced the compression load to 86% whereas extension increased it to 114%. The compression load was nearly unaffected during rotation (100.5%) and lateral bending (99.7%). The results are presented graphically in Fig. 4 lower. Note that compression load at the upper surface of the spacer is a result of simulated ligamentous tension and a function of different loading modalities. No additional axial load was applied.
Discussion
Purpose of the Study
The purpose of this study was to generate a validated FE model of human cervical spine that could be used for initial analysis of new cervical spine implants. The current FE model is a detailed, three-dimensional model of a human C5-6 segment. The intact and surgically altered models have been successfully validated, which is the most important step in FE modeling.
4,5,9,20
Previous Models With Implants
To predict the biomechanical changes caused by stabilization procedures, FE models of the lumbar spine were developed by Goel and colleagues [6] [7] [8] and with Lim. 13 They found an increase in stiffness of the stabilized segment compared with the intact one. In a previously published study, 16 we used an FE model to predict the initial stiffness of two different stabilization devices: 1) threaded cages and 2) titanium mesh interbody cages with additional posterior screw/rod osteosynthesis. The combined interbody and posterior osteosynthesis predicted greater stiffness than that achieved using a threaded cage as a stand-alone implant. A cervical spine FE model 11 has been used to predict ROM and disc stress as functions of five different graft constructs and two surgical procedures.
Comparison With Previous Studies
The FE/Cenius model predicted segmental stabilization for all loading modalities compared with those in the FE/Intact model. Because of the absence of in vitro experimental biomechanical and clinical studies regarding this new implant, the predicted behavior of the Cenius-fixed segment needs to be compared with the few data concerning other cervical cages. The ability of three such implants (the Wing, AcroMed cervical I/F, and BAK/C cages) to provide immediate stabilization of the fused segment has already been tested in vitro by Wilke, et al. 23 Their results confirm the findings obtained in our investigations. They reported that all cages had a stabilizing effect in all loading modalities except one: the BAK/C cage had a destabilizing effect in extension probably because of its particular design.
The introduction of an anterior plate in our model (FE/ CeniusϩACFP) resulted in a decrease of the calculated ROM, thus predicting the expected potential stabilizing effect of the additional instrumentation. To our knowledge, there have been no published experimental biomechanical ROM data concerning this kind of construct (Cenius and anterior plate). If, however, one takes into account that the spacer behaves initially as a bone graft would, our results may be compared with those reported in other in vitro studies. In this respect, the reduction of ROM after simulating the placement of an anterior plate, as calculated by the FE/CeniusϩACFP model, is in accordance with the ROM changes observed after plate system-assisted anterior cervical interbody fusion. 17 There is a paucity of knowledge concerning the forces exerted by graft after spinal surgery. Wang, et al., 21 have measured graft forces at the surface of a tricortical iliac crest placed in the C5-6 disc space following discectomy by using pressure-sensitive film and gentle segmental distraction. With 10˚ of flexion and a preload of 10 lb, the load applied to the graft was 20.5 N, which was much lower than the values calculated in our FE model. Greater graft compression forces of 225 N were measured by DiAngelo, et al., 2 in a human cervical spine corpectomy model. The current model predicted an initial graft compression load of 398 N as produced by insertion of the implant in distraction and without additional external loading. These differences, however, might be, at least partially, explained by the following methodological differences: degree of segmental distraction 12, 14 and the different geometry, length/height, and material of the implants used (tricortical bone graft, iliac bone strut, or titanium spacer).
In the FE/Cenius model it was predicted that the graft load would be increased by flexion and decreased by extension, whereas no significant change would occur during axial rotation and lateral bending. Addition of a plate to the construct (FE/CeniusϩACFP), however, resulted in a different graft loading pattern; extension produced the highest compression forces, whereas the graft was unloaded in flexion. Again, graft compression force was nearly unaffected by lateral bending and axial rotation. This reversal of the graft loading pattern-maximal load in flexion in the absence of a plate opposed to maximum load in extension after addition of a plate-is supported by the results of the biomechanical studies of DiAngelo, et al., 2 and Wang, et al., 21, 22 in which they used human cervical spine corpectomy (without and with plating) models.
It may be postulated that failure of the graft (for example, graft fracture, or sinking of the graft or spacer into the VBs) will most probably occur during flexion in the absence and during extension in the presence of an anterior plate. As a practical consequence, any type of external orthosis worn by the patient who has undergone surgery in which no additional plating had been implanted, should prevent flexion. The same device, however, will not necessarily be effective in preventing graft settling following an anterior cervical plating procedure.
Limitations of the Model
The manner in which our FE model was validated has already been described and used previously for other cervical spine FE models. 4, 20 Although several biomechanical parameters such as stiffness, axis of rotation, compression strength, and ROM could have been used for validation, we decided to validate the present FE model for segmental ROM; this was done because it is the most important parameter when evaluating the influence of spinal implants on segmental stability and because an FE model may only be used to make predictions of the validated parameters.
Another possibility for validating the model would have been to obtain a scan of a cadaveric segment to generate the model, test the same cadaveric segment in the laboratory, and use these data for validation. Although this method will have the advantage of a greater anatomical and mechanical resemblance of the generated FE model with the original spinal segment because of the variability of biological tissues, more accurate predictions would not necessarily be generated. As with the current FE model, any data obtained by running an FE model that has been validated as previously described are essentially derived from an experiment based on a sample of one. Because of the variability of the biological tissues, an FE model of a spinal segment will be no more than a rough approximation or imperfect copy of a spinal segment. In light of this, the predicted, calculated ROM values should be interpreted as a "trend" and not regarded as absolute mathematical values. Therefore, it is unlikely that FE models could ever completely replace in vitro biomechanical testing.
One disadvantage of the present experiments may be the linearity of the current model in relation to the nonlinear behavior of human spinal tissues-that is, with regard to the range of the loads applied to the segment. 1, 4, 19 Thus, if an FE model should be used for predictions within an intact and noninstrumented segment, a nonlinear model would simulate different situations in a much more realistic manner than a linear one. The load-displacement behavior of a spinal segment, however, changes abruptly from nonlinearity to linearity in cases in which stabilization has been performed using, for example, an anterior plate/screw system; 3, 19 linear FE models have already been used and found to be adequate for prediction of "initial stability," especially following osteosynthesis of a spinal segment. Thus, Voo, et al., 20 have used a linear FE model of the cervical spine to predict ROM changes following facetectomy and Duffield, et al., 3 have generated a simple, linear FE model of an instrumented three-level lumbar construct to predict the influence of several types of fixation.
As with other interbody fixation devices, the stabilizing potential of the cage investigated in the present study highly depends on ligament tension. Postoperative settling of the implant before fusion occurs, however, will alter the height of the construct, and consequently a loss of ligamentous tension will again result in an increased ROM. Thus, the FE model in its present form only simulates performance in an immediate postoperative scenario-that is, the "initial stability," which is mainly a function of the bone quality, ligamentous tension, and the implant used. It cannot and does not predict the temporal course of the construct.
Future Applications
An FE model allows the simulation of an unlimited number of experimental settings as well as analysis of the influence of every single component within the construct being investigated. 5 Therefore, a model such as the one presented here may be useful for first predictions concerning new cervical spine implants. It may provide important data concerning the stress patterns within the adjacent structures and the influence of bone mineral density, segmental distraction, and surgical technique on the initial stability. Shape-related changes of the implant and their effects can be simulated, and the design can thereby be optimized before the implant is constructed. By avoiding an unnecessary repetition of in vitro tests, an FE model could make the development of spinal implants easier and more cost effective.
Conclusions
The current FE model adequately predicted the ROM results of an intact and of an anteriorly stabilized C5-6 segment compared with those obtained in a corresponding in vitro study. As a first practical application, it predicted the stabilizing potential of a new implant and the influence of placing an additional plate system on the segmental ROM. Finally, the influence of loading modalities on compression at the upper surface of the implant was simulated. The results were comparable with those demonstrated in previous biomechanical in vitro studies. Thus, the current FE model may be used to predict the initial stability and biomechanical properties of new devices. The limits of FE models, however, should be kept in mind and the results interpreted as a trend, which must be confirmed by complementary in vitro cadaveric biomechanical tests.
